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Abstract

Pulsed laser deposition (PLD) of Culn, _,Ga,Se, (CIGS) provides alow cost, single-step process via
which stoichiometric, high quality thin films for light harvesting applications can be produced. Little
is known about the optical properties of PLD-deposited CIGS and how they compare with the
respected properties of the well-studied evaporated or sputtered CIGS films. We report herein a
systematic spectroscopic investigation, probing the influence of PLD deposition temperature on the
energetics and dynamics of emission from Culn, ;Gay 3Se, films. Variable-temperature steady-state
and time-resolved photoluminescence in combination with Gaussian lineshape analysis allow us to
unravel the contribution and nature of three main radiative channels, with the high energy one
associated with electronic and two lower energy ones with defect levels. The analysis show that the
band-edge luminescence grows at the expense of defect emission as PLD temperature increases in the
300 °C-500 °C range. This is further supported by: (i) The dramatic increase of the band-edge
recombination lifetime from 30 to 180 ns, (ii) The quenching in the carrier trapping rate from
0.25ns™ ' t00.09 ns~ ' as growth temperature increases. The results correlate well with structural and
electrical characterization studies reported previously on PLD-grown CIGS and rationally interpret
the improvement in their optoelectronic properties as PLD deposition temperature increases .

1. Introduction

The quaternary semiconductor Culn; _,Ga,Se, (CIGS) has been extensively studied in recent years as solar
harvesting material owing to its material robustness, direct energy bandgap and strong absorption covering most
of the visible solar spectrum [1, 2]. The high prospect of CIGS for thin film solar cells has been recently
confirmed by the achievement of one of the highest efficiencies of 22.6% among all thin film solar cells at the
laboratory level [3]. High quality CIGS films are typically fabricated via thermal co-evaporation [4] and
sputtering techniques [5] however both of them exhibit certain drawbacks. They require precise control during
deposition and typically a post-selenization step that is problematic due to the toxicity of materials used and
non-uniformity of the layers it produces.

Pulsed laser deposition (PLD) is an alternative, relatively simple and low cost method that achieves good
transfer of stoichiometry of the target composition [6]. PLD has been used to grow at a single-step process thin
films of complex multinary compounds, however its use in the fabrication of CIGS films has been rather
limited. We have recently demonstrated the fabrication of high-quality, nearly stoichiometric PLD-grown
Culng ;Gag 3Se; films using a systematic investigation of the PLD growth parameters [7]. The room temperature
optical properties of such films were preliminary assessed and found optimized for substrate temperatures above
300 °Ci.e. in the high temperature region of the growth temperature range probed. In particular a monotonic
increase in the integrated PL intensity and a systematic decrease of the PL linewidth and Stokes shift was found as
the deposition temperature was increased up to 500 °C. We preliminary attributed such observations to an
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improved stoichiometry that results in an effective reduction of the band-edge potential fluctuations and the
suppression of non-radiative recombination.

Within the present work, we expand our preliminary studies and report on a comprehensive luminescence
investigation of Culn, ;Gay 5Se, films deposited at the optimum temperature region of 300 °C to 500 °C. The
particular stoichiometry was selected for its suitability for high performance CIGS thin film solar cells [7-9]. By
implementing sample temperature as the varying experimental parameter and Gaussian lineshape analysis, we
monitor the energetics and dynamics of the various emissive channels in our films and we unravel their origin
and contribution. Our work demonstrates the beneficial impact of increased PLD growth temperature on the
optoelectronic properties of the studied films, resulting in smaller trapping rates, larger PL lifetimes and an
overall increase of the band-edge relative to sub-gap emission.

2. Experimental details

CIGS films were deposited on soda-lime glass (SLG) substrates by PLD using a KrF excimer laser source

(A = 248 nm, 7 < 25 ns) in a high-vacuum chamber. The laser beam was driven through an arrangement of
mirrors and focused by a focal lens on a polycrystalline Culng ;Gay 3Se, (Testbourne) target at an incident angle
0f45° inside the chamber. The target rotation during the irradiation ensured a uniform ablation of the target
surface. The substrate was placed parallel to the surface target at a fixed distance of 4.5 cm. The deposition was
carried out in the presence of background gas after the chamber was evacuated at a base pressure of 4 x

10~° mbar. Argon (Ar) was used as background gas to confine the plume. The number of pulses and the
repetition rate were kept constant at 6000 and 10 Hz respectively, for all depositions. Laser fluence, Ar
background pressure and substrate temperature were systematically investigated in order to achieve the
optimum growth conditions for high quality CIGS films. The assessment of the previous investigations related
to fluence and background gas pressure have led to the selection of 1 ] cm ™% and 0.01 mbar, respectively. All
studied films are nearly stoichiometric with composition of Culng ;Ga, 3Se,, and have been deposited at three
substrate temperatures, namely 300 °C, 400 °C and 500 °C, being coded as CIGS 300 °C, CIGS 400 °C and CIGS
500 °C, respectively from here on.

Optical absorption was acquired via a triple-detector Perkin Elmer, Lamda 1050 spectrophotometer. Steady-
state photoluminescence (PL) was excited via a 785 nm laser diode (Coherent StingRay) with a moderate power
density of 50 mW-cm 2 and detected by a 0.75 m spectrometer (Acton750i Princeton) equipped with a liquid-
nitrogen-cooled InGaAs array detector. Time-resolved photoluminescence (TR-PL) was measured using a
spectrometer-based (FluoroLog FL3 Horiba Jobin Yvon) time correlated single photon counting (TCSPC)
method, by exciting the sample with a 785 nm pulsed laser (DeltaDiode-785L) with a pulse width of ~80 ps. The
average PL lifetime t,, of the PL decays was calculated from the relation:

ZiAin

tg = =1L 1
¢ ZiAiTi M

where 7; are the decay times extracted from multi-exponential fits of the PL transients and A; the corresponding
decay amplitudes. Temperature-dependent steady-state and time-resolved PL measurements were carried out
in the 10-300 K and 77-300 K range by placing the samples in the cold finger of a Janis CCS-150 closed-cycle
refrigerator and a Janis VPF liquid nitrogen optical cryostat, respectively. To resolve the PL dynamics of mixtures
of luminescence species with overlapping spectra, a variation of the technique known as time-resolved emission
spectra (TRES) was employed. A typical TRES measurement involves moving the monochromator in fixed
wavelength steps, with time-resolved decays acquired at each wavelength. With this process, a three-dimensional
graph of PL intensity versus wavelength and time can be obtained. It is possible to obtain ‘slices’ of data in the
intensity —wavelength plane to obtain the time-evolution of PL spectra at different times during the decay.

3. Results and discussion

The temperature-dependent PL spectra of the studied CIGS films in the 10-300 K range and the respective
absorption spectral profiles at 300 K are displayed in figure 1. A room temperature bandgap in the vicinity of
~1.2 eV can be estimated using the first derivative maxima that slightly blue-shifts by as much as ~20 meV as
PLD deposition temperature increases due to strain relief of the chalcopyrite crystal structure [7, 10]. All films
exhibit broad, multi-peak PL in the near-1R with similar spectral characteristics to those reported for material
produced via evaporation [11] or PLD [12]. Inspection of the PL spectra reveals a weakly-temperature sensitive
high energy emission peaked at ~1.1-1.15 eV and a strongly temperature-dependent contribution at lower
energies.
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Figure 1. Room-temperature absorption (dotted lines) and temperature-dependent PL spectra of (a) CIGS 300 °C, (b) CIGS 400 °C
and (c) CIGS 500 °C in the 10-300 K range.
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Figure 2. Representative examples of Gaussian lineshape analysis of the PL spectra of CIGS300 °C, CIGS400 °C and CIGS500 °C at

Figure 2 contains representative Gaussian curve fits of the PL at three temperatures per film. CIGS 400 °C
and CIGS 500 °C can be consistently fited with three Gaussian peaks (Peaks 1,2,3 in ascending energy) while an
additional peak (Peak x) is required to simulate the PL spectrum of CIGS 300 °C at all temperatures.

Atroom temperature the high energy peak 3 in the films blue shifts with substrate temperature from
~1.14 eV at 300 °Cto ~1.16 eV at 500 °C, in similar fashion and magnitude to the strain-induced shift of the
energy gap observed in the optical absorption data. Furthermore its intensity shows significantly weaker
dependence on temperature compared to the lower energy peaks. Based on the energetic proximity to the band-
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Figure 3. Energy positions of the extracted Gaussian PL peaks in the 10-300 K range for samples: (a) CIGS 300 °C, (b) CIGS 400 °C,
(c) CIGS 500 °C.
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Figure 4. Integrated PL Intensity of the Gaussian peaks in the 10-300 K range from: (a) CIGS 300 °C, (b) CIGS 400 °C, (c) CIGS

500 °C. The PL intensity has been normalized to the intensity maximum that occurs for each film/peak at the lower temperature
probedi.e. 10K.

edge, the similar shift it exhibits with growth temperature and its weak temperature dependence, we assign peak
3 to the band-to-band CIGS radiative transition.

Lower energy peaks 1 and 2 are found at energies of ~150-240 meV and ~60—150 meV below the band-to-
band emission, respectively with the separation from the band-edge decreasing as deposition temperature
increases, as seen in figure 3.

This indicates that the position of the deep levels is influenced by the PLD temperature, with higher
deposition temperatures inducing somewhat shallower defect levels. Peak 1, to a larger degree, as well as peak 2
exhibit strong quenching as temperature increases up to ~130 Kin all films as seen in figure 4 combined with a
concomitant anomalous temperature-dependent blue shift in the 80-150 K range, as observed in figure 3. Such
behaviour reported previously in co-evaporated CIGS thin films [11], indicates that carriers experience a
relatively low trapping potential at the defect deep levels; as temperature increases carriers acquire sufficient
energy to become detrapped and redistribute at higher energy local minima of the manifold of the defect states
where they recombine non-radiatively, blue shifting and quenching the respective emission peaks. A similar type
of blue-shift across the same temperature range is also visible in the band-to-band peak (peak 3) of the CIGS

4
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Figure 5. Ratio of integrated area of peak 3 (band-to-band) to the integrated emission from lower energy peaks (defect-based) at
different temperatures in the range of 10-300 K range for the (a) CIGS300 °C, (b) CIGS400 °C and (c) CIGS500 °C films.

300 °C film which can be analogously being assigned to thermally-activated redistribution of carriers within
energy local minima of the band potential fluctuations. Such behaviour is not observed at the band-edge
emission peak of CIGS 400 °C and 500 °C films which confirms the hypothesis of improved compositional
uniformity at higher PLD temperatures [7] resulting in an effective reduction of the band-edge potential
fluctuations.

An assignement of the deep levels participating in the emissive peaks 1 and 2 on specific CIGS point defects is
challenging due to the spatial and energetic disorder that broadens deep levels to a manifold of states as
evidenced by the associated broad luminescence peaks. Defects with the lower formation energy in CIGS are I,
(interstitials) and V¢, (vacancies) acting as individual donor and acceptors, respectively or correlated Inc,+Vc,
defect complexes [13, 14]. The latter complex induces a donor-to-acceptor emission at roughly ~200 meV
below the gap [14] that based on the energetics may be associated with peak 1. According to our previous work
[7], the films are slightly In-rich and Ga-deficient so In interstitials and/or Ga vacancies are also candidate deep
levels involved on the emissive peaks 1 and 2. Peak x that appears as a fourth Gaussian to properly model the
emission from CIGS 300 °C probably originates on a secondary Cu,_,Se phase observed at low PLD-growth
temperatures [7]. Such assignement seems to be supported by the observation of an indirect Cu,_,Se electronic
gap at energies coincident with peak x [15], and the absence of the peak at higher PLD deposition temperatures
in which such secondary phase diminishes.

Based on the aforementioned assignments the ratio of band-to-band (peak 3) to defect (peak 1 + peak
2 + peakx) integrated emission for the three films in the range of 10 K to 300 K is displayed in figure 5. The
higher emission quenching rate of the defect related peaks effectively increases the ratio from 10 K to 100-130 K
while a decrease of the ratio is observed for temperatures higher than 200 K for CIGS300 °C and CIGS400 °C, as
temperature-activated trapping quenches the band-to-band peak in favor of deep level emission. For
CIGS500 °C an impressive dominance of the band-to-band recombination is observed for sample temperatures
higher than 100 K with peak emission almost an order of magnitude higher than that of CIGS300°C and no sign
of temperature-activated quenching up to room temperature, confirming the improvement on the
optoelectronic properties of the film.

Additional information on the recombination mechanisms is provided by the temperature-dependent
carrier dynamics probed via time-resolved PL experiments. For all peaks 1,2 and 3 monitored at each
temperature in the 80-300 K range, the PL decays require modelling by a complex triple exponential function.
Initially the PL dynamics are globally quantified for each Gaussian peak by its respective average PL lifetime,
extracted by the amplitudes and lifetimes of each of the three exponential decays, as shown in equation (1).
Representative transients at 80 K, 180 K and 300 K monitoring the dynamics of the band-to-band peak 3 for
each sample, along with the respective exponential fits and the average PL lifetimes are displayed in figure 6.

Figure 7 contains the extracted average PL lifetime versus temperature for peaks 1,2,3 of the the three films.
The general trend observed is that the average PL lifetime: (i) increases as lower energy peaks are probed, (ii)
reduces with sample temperature for each peak, (iii) reduces per peak as higher PLD temperatures are employed.
Trends (i) and (ii) are generally consistent with the assignment of the high /low energy emission to electronic/
defect-based transitions respectively. Band-edge transitions are generally expected to exhibit larger
recombination rates compared to sub-gap transitions due to higher radiative rates and the presence of non-

5
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Figure 6. Representative PL decay curves, triple exponential fits and calculated average PL lifetimes for the band-to-band peak (peak 3)
of the three CIGS film emission at (a)-(c) 80 K, (d)-(f) 180 K and (g)-(i) 300 K.

radiative trapping channels that feed the lower energy peaks and effectively quench the higher energy emission
lifetime. Furthermore increase of the temperature typically benefits non-radiative quenching over radiative
recombination [14, 16]. Interpretation of trend (iii) requires more elaborate thinking. For defect-related peaks 1
and 2, the shortening of the radiative rate as PLD deposition temperature increases, may be attributed to slightly
shallower defect states being involved in the sub-gap emission, as hinted by the smaller separation of peaks 1,2
compared to the band-edge peak 3, seen in figure 3. On the other hand, the quenching of the band-edge PL
lifetime appears rather contradictory to the steady-state PL results that indicate a monotonic increase in the
integrated PL intensity as deposition temperature is increased up to 500 °C. Furthermore, the average PL lifetime
values obtained for the band-to-band peak 3 appear reasonable only for CIGS500 °C, being comparable to
values reported in literature for high quality CIGS thin films [16, 17] while the dynamics of such peak appear
significantly inflated for the CIGS300 °C and CIGS400 °C films.

The larger band-to-band PL lifetimes obtained are in fact an artifact as the transients monitor effectively the
convolution of peak 3 with the lower peak 2 or peak x; such overlap for CIGS300 °C and CIGS400 °C films is

6



10P Publishing

J. Phys. Commun. 4(2020) 045001 A Zachariaet al
CIGS 300°C (a) | CIGS 400°C )| ciGs 500°C ©
500+ 400 -9 -9--9-. g 2501 |
~ \707‘)"0— 9-9-9--0--9
= 400- o 300 200+ 1
] 19-9-9-
E 2-9-9-9--9 F00--0
2 300 —_— 1501 |
~ - @ - Peak1] 200
4 -9 - Peak2 100 _
> Q-
< 2001 Peak3 ®-9--0--9
100+
50+ .
100 -
70 140 210 280 350 70 140 210 280 350 70 140 210 280 350
Temperature (K)
Figure 7. Average PL lifetime versus temperature in the 80-300 K range for the three emissive contributions of: (a) CIGS300 °C,
(b) CIGS400 °C and (c) CIGS500 °C.

substantial, as vividly observed in figure 2. To avoid such artifacts we employ a more elaborate method in which
we obtain emission transients across the whole PL lineshape and we reconstruct the temporal evolution of the PL
spectra. Each of the spectra on this time sequence are linefitted with the three (or four for CIGS 300C) Gaussian
peaks and the integrated area of each of the Gaussians is plotted versus time (TRES spectra). Figure 8 contains the
results of such analysis. Due to the intensive analysis associated with such method, we focus our discussion solely
atroom temperature.

The obtained decays can now be adequately fitted using double-exponential decays, with a long lifetime of
hundreds of ns and a significant shorter decay of the order of few to tens of ns. It is evident that the method
introduces a large statistical uncertainty in the extracted decay lifetimes due to the small density of experimental
data but circumvents the significant systematic error produced by the spectral overlap of the Gaussian peaks; the
validity of the method has been demonstrated in previous work of some of the manuscript authors on probing
the dynamics of multi-component emission with overlapping peaks [16, 18].

For the rest of the manuscript, we focus our discussion on the room temperature band-to-band PL
dynamics. The TRES analysis yields an average PL lifetime that increases by an order of magnitude i.e. from
~4ns to ~40 ns, as PLD temperature increases, in close agreement with the order of magnitude intensity
enhancement observed in the steady-state PL results and consistent with the lifetime range values reported in the
literature. The short 7y, and long 7o, lifetimes of the bi-exponential decay and the relative amplitude ratio of
the latter to the former are displayed in table 1.

The two lifetimes increase while the relative contribution of the long decay component enhances by more
than an order of magnitude as the substrate temperature increases from 300 to 400, 500 °C. Taking into account
the concomitant increase of the band-edge emission, observed mainly at the higher deposition temperature, we
tentatively assign 7y, to non-radiative recombination associated with trapping of carriers at the deep levels
while 7y, is associated with the dynamics of the band-to-band transition. Trapping times of the order of few ns
and band-to-band recombination of the order of tens to hundreds of ns such as those observed in our films, have
been routinely reported in the literature for evaporated CIGS films [13, 15, 17, 19] so such assignment appears
reasonable. It is noted that within the low excitation level range of 1 to 25 W employed in our TCSPC
experiments, no influence of the excitation fluence was observed in PL dynamics, which suggests that defect
saturation effects by carriers is absent [13, 15].

4. Conclusions

A systematic spectroscopic investigation of PLD-deposited CIGS films is reported. Our studies probe the
influence of PLD deposition temperature on the emission properties of such solids and map the energetics and
dynamics of the electronic and defect radiative transitions. Variable-temperature steady-state and time-resolved
experiments in combination with Gaussian lineshape analysis allow us to unravel the contribution of three main
radiative channels, with the high energy one associated with electronic and two lower energy ones with defect
CIGS levels. The work demonstrates that important figures of merit for the implementation of such films in
solar cell applications improve as PLD temperature increases in the 300 °C-500 °C range. In particular, we
observe a 3-fold increase in the carrier trapping time, a 6-fold increase in the band-edge recombination time and

7
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Figure 8. Time evolution of the integrated emission for the three main Gaussian PL contributions of the CIGS films obtained by
analysis of TRES experiments at room temperature.

time (ns)

Table 1. Parameters of the biexponential decay fit of the
TRES PL data for the band-to-band peak (Peak3).

Along
Sample Tshort (DS) Tlong (ns) Along + Ashort
CIGS 300C 4 30 0.01
CIGS 400C 10 130 0.14
CIGS 500C 11 180 0.16

a 3-fold enhancement in the ratio of electronic to defect emission. Such values are not far from those reported in
well-studied, state-of-the-art evaporated or sputtered CIGS films, confirming the prospect of PLD as fabrication
method for high quality CIGS material.
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